C50, concentration which elicits 50% of effective response; EDTA, ethylenediaminetetraacetic acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; Kd, dissociation constant, concentration at which complex is 50% dissociated; nAChR, nicotinic acetylcholine receptor; NMR, nuclear magnetic resonance; NOESY, nuclear Overhauser effect spectroscopy; Pi, inorganic phosphate, PO4 2-; NLS, nonlinear least squares.
Introduction
Ethanol can exert profound effects on several components of the central and peripheral nervous systems, including ligand-gated ion channels, [1] . The effects of ethanol can be either stimulatory or inhibitory. For example, ethanol acts as a functional antagonist of ionotropic glutamate receptors [2] , but stabilizes the open state of the muscle-type acetylcholine receptor [3] . Extensive studies of the effects of ethanol and other general anesthetics on ligand-gated ion channels provide convincing evidence for the notion that these compounds bind to discrete sites on the channel [4, 5] .
The idea that ethanol and other general anesthetics bind to discrete sites on the channel protein has been supported by several site-directed mutagenesis studies on several different ligand-gated ion channels in which specific mutations in the poreforming domains of the protein were found to alter the sensitivity of the receptors to ethanol [6, 7] . However, these studies should infer that the compound of interest bound to a discrete site on the receptor from looking at effects on functional properties. Due to the low affinity of ethanol (M to mM range), it is not possible to study the interaction of ethanol with its binding site on the receptor using conventional ligand-binding techniques. However, nuclear magnetic resonance techniques can be used to study the interaction of ethanol with the receptor [8] [9] [10] [11] [12] , and thus obtain estimates for the true affinity of ethanol for its binding site.
In this study, we have used NMR relaxation methods to estimate the binding parameters for ethanol in the presence of sodium cholate solubilized nicotinic acetylcholine receptor protein. Using this approach, we find that ethanol binds to the solubilized receptor with an affinity in the 100 M range, and compare this value with estimates of the affinity from measurements that depend on alteration of receptor function. In a previous study [52] , we used 1 H chemical shifts in a nonlinear regression model.
Materials and methods

Receptor protein isolation and purification
Preparation of sodium cholate solubilized nicotinic acetylcholine receptor protein generally followed the procedure of ref. [13] . All steps handling the protein were carried out at 4 C, unless otherwise stated. Receptor rich membranes from the electroplax tissue of Torpedo californica were prepared from frozen electroplax (Pacific Biomarine, Venice, CA) using the procedure of Sobel et al. [14] as modified by Epstein and Racker [15] . Membranes were stored frozen at -70 o C in 0.4 M sucrose, 2 mM HEPES, pH 7.5 until used. Sucrose and HEPES were removed by dialysis against cold distilled water containing ~85 M EDTA, which was renewed regularly over several days.
Receptor rich membranes were then reduced to pellet form by ultracentrifugation at 130,000 g for 30 min. Pellets were resuspended in 'Buffer I', containing 10 mM Na phosphate, pH 8.0, 100 mM NaCl, 60 mM KCl by sonication. This was followed by ultracentrifugation at 130,000 g for 30 min., to reduce receptor rich membranes to pellet form. A second smaller batch of Buffer I was prepared using D2O rather than H2O.
Using sonication, the receptor rich membranes pellet was resuspended in Buffer I D2O solution and the pD adjusted to 10.6 with 1 N NaOD. Alkaline-treated membranes (2.5 mg protein /ml) in Buffer I D2O solution were solubilized by the addition of 20% Na cholate/D2O to a final cholate concentration of 1%. After incubation for 20-30 min. and ultracentrifugation for 30 min at 130,000 g, the supernatant (cholate extract) was collected and the pellet (membranes) discarded.
Acetylcholine receptor concentration was determined using [ 125 I] bungarotoxin binding [16] .
NMR
All protein NMR was done on a Bruker AMX600 operating at a 1 [17] and references cited therein, provides an analysis for optimal estimation of longitudinal relaxation and advocates the use of unequally spaced sample points in the context of nonlinear least squares parameter estimation. Ref. [18] provides an analysis of the problem of estimating NMR relaxation rate in the context of median estimation [19] .
However, it is mathematically more tractable to treat an estimation scheme that is analytical. In ref. [18, 20, [48] [49] [50] we develop a forward modeling approach to exponential estimation for the general relaxation model (1) It is shown that under reasonable assumption, the four-point spectral estimator scheme (2) provides optimal estimation. In this scheme, dt is the sample delay between four equally spaced points . In the context of real error, this scheme is biased, although the bias can be calculated and subtracted off. However, in the context of complex NMR error, spectral estimation [18, 20] is unbiased. We show that to second order, the standard deviation, , of this estimation scheme is given as,
where  is the noise level.
An analytical, forward modeling approach to an estimation problem is of great value. However, no such approach exists for the estimation problem treated in this paper. The Navon method [21, 22] initially considered here, places special emphasis on the T1 value of the free ligand. The T1 of 'free' ethanol was determined in a sample, which was identical in D2O Buffer I and in sodium cholate concentration, to the others sample was 55 mM.
Longitudinal relaxation
Because the transverse relaxation phenomenon is observed on a multiplet, we chose to investigate the concentration dependence of longitudinal relaxation. For two-site fast exchange, nuclear magnetic longitudinal relaxation can be expressed in a mole fraction weighted model [23] as: (4) where, , and are the relaxation rates observed and of the bound and free species, respectively, in Hz (1/s). Variables, and are the mole fractions of bound and free species, respectively. These latter quantities are calculated as part of a two-site equilibrium model, which is dependent upon the dissociation constant, Kd. The relaxation rates of free and bound species can be related to relaxation times [21, 22] by: (5) which is a directly measurable quantity, and
is the relaxation time of the bound species, intrinsic to the nucleus in question, and is the bound lifetime, intrinsic to the exchange process itself. In ethanol, there are two different 1 H nuclei detected, the methyl and methylene protons, each with its own , , and . The exchange or bound lifetime is related to kinetic exchange rate by .
Since we have a method for an accurate determination of , [21, 22] , we can rewrite equation (4) as:
in a reduced rate formulation. This has the advantage of allowing the comparison of like, dimensionless quantities. Table 1 shows the raw data that are transformed. The exchange process can be represented as: (8) where AChR represents the (nicotinic) acetylcholine receptor, L represents the ligand, ethanol, and represents the receptor-ligand complex. Three equations define this two-site exchange system:
defines the equilibrium condition,
specifies the mass balance in ligand, and
specifies the mass balance in protein.
We have a system of three equations in three unknowns that can be solved, in principle. Because we do not initially know the value of Kd, we can start with the fiction that its value is zero. This is a tight binding approximation. Since the ligand is in excess, we then have
and (15) for substitution into equation (7) . This gives us a model that we can regress against the raw data given in Table 1 ,
According to Navon analysis, error in RTot translates into error in the determination of (T1b + b) but not in Kd. The (T1b + b) values found here are like those of Navon [21] . Therefore, any errors or uncertainties in the value of [AChR]TOT will have little or no effect on the results. The large value for the correlation of determination for the tight binding model means that the estimation of is a difficult task. The Navon method [22, 24] provides one approach. This method is an approximate linearization that is analogous to some methods of linearization of hyperbolic data in Michaelis-Menton kinetics. It relies on plotting , defined by,
T (17) versus ligand concentration. Historically, the notation above was used because of the practicalities of experimental physics. An equivalent notation would have,
Conceptually, this is very compelling because with effort, it is possible to obtain a very good estimate for . In this approximation, is determined as the negative
x-intercept.
However, the estimation of errors in is troublesome. For instance, Mao [25] performed a study of 200 inversion-recovery experiments on 17 O relaxation in water. He found that the statistical error in is about six times as large as that reported by nonlinear least squares software. NLS software usually assumes linear approximation inference regions [26] , and this assumption is often found to be inadequate. We advocate implementing an exact forward modeling approach to the problem of estimating mono-exponential decay in NMR.
The results of fitting the data to equation (16) are displayed in Figure 2 . This is linear regression because the unknown parameters in equation (7) appear in that equation as linear parameters, although the calculated fitting functions are curved.
There is great advantage to linear regression. For one, the statistical estimates of the parameters are well behaved. The coefficient of determination in this analysis is 0.9686.
This analysis leads to values for of 0.0054  0.0008 s for CH3 and 0.0074  0.0011 s for CH2. Since these values are significantly different (p < 0.1), it can be concluded that differences in for ethanol CH2 and CH3 account for the difference and that is small by comparison, otherwise the ratio of for CH2
and CH3 would be unreasonable. If is small then this is one more piece of supporting evidence that this chemical exchange occurs in the fast exchange limit. The values for ethanol CH2 and CH3 here are of similar magnitude to the value of = (9.9  0.8)  10 -3 s, for nicotine binding to asolectin solubilized nAChR found by authors in ref. [21] , by monitoring relaxation of the proton para to the aromatic nitrogen. This similarity is supporting evidence for a likeness in stoichiometry of binding [18, 21] .
Given that , then , and .
The residuals displayed in Figure 2 provide insight into the nature of the error. It is seen that there is a consistency in absolute error in . Consequently, the relative error in is inversely related to the magnitude of R1 and proportional to . As the magnitude of grows, its absolute error grows even faster. This is consistent with experience. Long times are difficult to measure accurately. Tables I and II Table 1 are used to calculate values and weights in Table 2 . Also, shown in Table 2 are fitted values and residuals according to the model:
and shown as Navon analysis in 
Evaluation of Navon Analysis
Navon analysis [21, 22] is an approximation which provides approximate conclusions but which avoids otherwise very difficult analysis. The level of approximation involved in the Navon treatment may be justified when the level of approximation involved in the treatment of NMR relaxation is considered. However, since we propose an exact treatment of NMR relaxation, a second look at the Navon approximation is warranted.
The three equations that define equilibrium in a two-site chemical exchange can be solved [18] . To simplify notation, we use E to represent AChR. These equations are: ,
and (22) ,
a system of three equations in three unknowns that is solved when: ,
, and
.
We must choose the positive root of the polynomial for a physically reasonable solution.
Hence, .
is the independent variable, the initial ligand concentration. Using this exact formulation of equilibrium, we can simulate [18] T the curve at low ligand concentration shows that this curve is not exactly rectangular hyperbolic, which is assumed for Navon linearization. Figure 5 shows the exact functional form of given some presumed parameter values. It is not exactly a straight line, curvature at low concentrations is pronounced. In this simulation, a value of = 0.1 mM was assumed but extrapolation of the straight portion of the curve back unto the negative x-axis predicts a value of = 0.2 mM, according to the Navon method. Hence, we can say that the Navon method is likely to underestimate binding affinity by a factor of about two.
We had said that weighted Navon analysis predicts that 0 < < 170 M for a 95% confidence interval of [0, 460 M], for the binding of ethanol to nAChR. With this new evaluation of the Navon method, we are better to say that analysis of the data predicts that 0 < < 85 M. This value is consistent with some estimates of the affinity of ethanol for neuronal AChRs [28] . Extrapolation of points at low concentration would suggest is around 61 M. Additional analysis [18] in the context of rigorous limits [27, 29] for nonlinear regression analysis that does not assume linear approximation inference regions [26] , provides a best estimate of = 55 M within a 90% confidence range of [0.5, 440 M]. This similarity to the 95% confidence interval for Navon analysis supports the use of the Navon approximation.
A Putative Site of Action
The ethanol molecule can be considered as a rigid electric dipole. When two isolated dipoles achieve a position of closet approach, energy minimization selects an orientation in which the two dipoles cancel, creating effectively, a nonpolar assembly.
Sacco and Holtz [10, 11] where it is found to be adjacent to the Main Immunogenic Region (MIR), 67-76 of the autoimmune disease Myasthenia Gravis [33] .
We studied [18] the interaction of ethanol and the 28-residue cation-binding subsite, 80-107, of human neuromuscular nAChR. Secondary structure prediction algorithms [34] [35] [36] [37] [38] [39] [40] assign very weak structure forming elements to this sequence [34] [35] [36] [37] [38] [39] [40] . This prediction is consistent with observations made using heteronuclear and multidimensional NMR methods [18] . There is little consensus among the various secondary structure prediction algorithms, except for a prediction of beta-sheet near the central tyrosine. Examination of the Kyte-Doolittle hydropathy plot [41] for this sequence shows a relatively flat hydropathy in the middle of the peptide, with a more hydrophilic N-terminal end and more hydrophobic C-terminal end. If a 28 residue peptide sequence is truly a random coil, it is predicted to sample nearly 9 27 = 4.39E695 backbone conformations. Given the shape of the hydropathy plot, we predict this peptide to be condensed in aqueous solution and to sample a smaller conformation space.
The formation of nonpolar molecular assemblies is disfavored in a polar medium but favored in a nonpolar environment. Energy minimization predicts that if an ethanol dimer is found within the nonpolar environment of a protein near an ionizable phenolic tyrosine hydroxyl, that the proton and two ethanol molecules should form a charged nonpolar molecular assembly. Furthermore, such an assembly is predicted to have about the same volume and charge distribution as the choline head group. We observed [18] This establishes that the cationic-binding subsite is a putative site of action of ethanol and that tyrosine-93 is implicated in the binding.
Discussion
In this study, we have used nuclear magnetic resonance techniques to examine the interaction of ethanol with the acetylcholine receptor. Studies on the effects of ethanol on ligand-gated ion channels such as the acetylcholine receptor have used various functional measurements to study the interaction of ethanol with the receptor [51] . While these types of studies have provided great insight into the mechanism of ethanol's effects on the channel, and even the site(s) of action, they do not directly study the binding reaction between ethanol and the receptor. NMR relaxation methods offer one means of directly measuring the affinity of ethanol for the receptor.
The first biological NMR binding constant determination used chemical shift measurements to study the association equilibria of N-acetyl-D-glucosamine anomers and lysozyme [42] . Later, the determination of binding constants by line width measurements was applied to sulphanilamide binding to bovine carbonic anhydrase [43] . This work was followed by the determination of τC for various inhibitors bound to carbonic anhydrase, using T1 and T2 measurements at three magnetic field strengths [44] . Biological NMR binding constant determination in the context of nicotinic pharmacology, was first applied to the binding of nicotine to asolectin solubilized nAChR protein using the selective T1p method [21] . This work was followed by binding constant measurement for various ligands to recombinant active site peptides of the nicotinic acetylcholine receptor using the selective T1p method [22] . NMR binding constant estimates agree with estimates obtained by other methods (when available) to within experimental error. A recent validation of this statement, compared NMR binding measurements to kinetics binding measurements, for Vanadium(V) binding to ribonuclease A [45] . This work was later confirmed by other authors [46] .
In this study, we obtained an estimate for the dissociation constant for ethanol from cholate-solubilized nicotinic acetylcholine receptors on the order of 50-100 M.
This value is like the concentrations of ethanol that altered the gating of AChRs in PC12 cells [28] . However, this is much lower than blood alcohol levels associated with intoxication (on the order of 20 mM), as well as the concentrations of ethanol that enhance Torpedo nAChR gating [47] .
The discrepancy between the estimate of the dissociation constant for ethanol binding to the Torpedo receptor and functional measurements on the same receptor could be due to several possibilities. First, the receptor in the NMR experiments may be in the denatured state, and thus ethanol is binding to a completely different conformation of the receptor than studies in the functional state. We consider this unlikely because of the line-broadening of ethanol, which disappears with time as the protein denatures. Since this line broadening is observed in the time scale of our experiments, we assume that the protein is still in a native-like conformation. Second, and more likely, is that like all direct measurements of binding, the site with the highest affinity is the easiest to detect, and in the case of the Torpedo AChR, the highest-affinity site is not necessarily the one responsible for most of the functional consequences of the interaction of ethanol with the receptor. If this is true, then while we have determined the affinity of a site for the interaction of ethanol with the AChR, it may not be the one associated with the alterations in nAChR gating.
Even if the site we have studied is not the one responsible for functional alterations associated with ethanol's actions, we have demonstrated that it is possible to use NMR analysis to examine the interaction of small-molecules with ligand-gated ion channels. Extension of this technique to any one of several channel modulators with affinities in the micromolar range (which are generally too low to measure with conventional ligand-binding techniques) should allow one to begin to understand the nature of the interaction of these modulators with the channels, and potentially help determine the site(s) of action of these compounds. 
